In this historical vignette, the authors discuss the prevention of surgical site infections (SSIs) after brain surgery from the prehistoric period to the present. Although the mechanism for infection was not fully understood until the 19th century, records demonstrate that as early as 10,000 bc, practitioners used gold, a biocidal material, for cranioplasties and attempted to approximate wounds by tying a patient's hair across the incision. Written records from the Egyptian and Babylonian period depict the process of soaking head dressings in alcohol, an antibacterial agent. In the Greek and Early Byzantine period, Hippocrates argued against the formation of pus in wounds and continued to champion the use of wine in wound management. In the 16th century, intracranial silver drains were first utilized in an effort to prevent postoperative infections. The turning point of SSI prevention was in 1867, when Joseph Lister illustrated the connection between Louis Pasteur's discovery of the fermentation process and the suppuration of wounds. Today, there are ongoing investigations and debates about the optimal techniques to prevent SSI after brain surgery. Although tremendous progress in the field of SSI prevention since the prehistoric period has been made, SSI continues to affect morbidity and mortality after brain surgery.
A ppreciAting the fund of knowledge and resources available to minimize the risk of surgical site infections (SSIs) after brain surgery in the 21st century requires an understanding of the history of SSI prevention. Herein, we review the history of SSI prevention from the initial days of brain surgery in the prehistoric period to the present ( Table 1) .
The Prehistoric Period
The earliest report of a neurosurgical procedure dates back to the prehistoric period when, in 10,000 bc, trephination was performed. 12, 24 Akin to the modern burr hole, the indication for trephination in the prehistoric period remains unclear to historical scholars. Nonetheless, a number of skulls obtained from this era that show evidence of trephination demonstrate premorbid bone healing at the site of the incision, suggesting patients survived this procedure. 12, 24 Far ahead of their time, it appears that practitioners who performed trephination during this period may have recognized what is now known as the biocidal effect of heavy metals, as evidenced by their use of gold in cranioplasties. 12 Additionally, it appears that they attempted to approximate wounds for improved healing by tying patients' hair across both sides of the incision. 24 The Egyptian and Babylonian Period (3000 bc to 30 bc)
With the invention of the written word came the first documentation of medical and surgical literature, most notably the Ebers Papyrus, Hearst Papyrus, and Edwin Smith Papyrus. 12 According to these documents, the Egyptian practice of medicine was based largely on magic and superstition, but, despite this, their contributions to cranial surgery are important. As written in the Edwin Smith Papyrus (ca. 1700 bc), the Egyptians utilized skull sutures and designed head dressings for cranial injury. This is the first record of wound dressings specific to the head.
12
Around the same time the Edwin Smith Papyrus was written, the Sumerians recorded the first account of attempted wound management and prevention of SSI. Surgeons cleansed wounds with beer and then bandaged them with a cloth soaked in wine and turpentine, suggesting an understanding of ethanol's antibacterial properties.
26
The Greek and Early Byzantine Period (500 bc to ad 700) first formal development of neurosurgery occurred in the golden age of Greece. The neurosurgical patient population was plentiful there, given the frequent head trauma suffered by soldiers at war on the battlefield and gladiators in competition in the arena. 12 The majority of medical documentation from this time is attributed to Hippocrates, who wrote about localization of injury to the brain and provided details on trephination and wound management. 12 In regard to infection prevention, Hippocrates was the first to report that the formation of pus was not a natural component of the healing process and should be avoided. Similar to the Sumerians, he recommended cleansing wounds with wine, applying a bandage, and then pouring more wine on the bandage itself. 26 Unfortunately, Hippocrates' novel teachings about the implications of pus were considered controversial. Given the high prevalence of infected wounds at the time, it was often thought that suppuration, the process of pus formation, was a healthy part of healing, and the idea that pus should be avoided was frowned upon. 26 Claudius Galen, a surgeon to the gladiators, was a prominent opponent of Hippocrates' views on pus. Galen argued that the formation of pus was essential for wound healing; 26 in fact, his followers were taught to introduce salve and plaster into wounds to promote healing. 27 Although Hippocrates was exalted during this period for some of his other contributions to medicine, it was Galen's doctrine on suppuration that remained the rule for wound management until the 19th century. 26 Another notable contributor of this era is Paul of Aegina, who is considered the last of the great Byzantine physicians. Paul of Aegina is credited with designing a number of neurosurgical tools and early manuscripts depicting sophisticated insight on wound management. Similar to Hippocrates, he utilized wine as an antiseptic and recommended applying a dressing that did not put pressure on the brain.
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The Islamic Golden Age (ad 800 to ad 1400)
The Islamic Golden Age bred two physicians who left an enduring impact on the world of surgery, Haly Abbas and Albucasis. Haly Abbas, a Persian physician, drew much of his knowledge from Paul of Aegina's writings. His legacy was The Perfect Book of the Art of Medicine, in which he dedicated 100 chapters to surgical practice. In his writings, he described the use of wine-soaked dressings for head wounds. 12 The second scholar who contributed to the field of SSI prevention after neurosurgical procedures during this period was Albucasis. He wrote The Clearance of Medical Science For Those Who Can Not Compile It, a comprehensive, well-illustrated text designed to teach others the art of medicine. This book referenced a multitude of neurosurgical diagnoses and treatments, including head injuries, skull fractures, and spinal injuries, and the types of wound dressings that should be used for each. 4 While little attention was paid to spinal injuries prior to his time, he argued that to assist in wound healing in spinal injuries, all bone fragments in the spinal canal should be removed. In addition, he pioneered the use of catgut for internal stitching for improved wound healing, a practice that is still used today. The Middle Ages (ad 400 to ad 1400)
Although still centuries prior to the age of antisepsis, infection prevention in the field of neurosurgery blos- When there is considerable fracture to the skull associated with a large open wound … any fragment of bone or other substance should be removed and a fold of the finest linen should then be gently insinuated with a feather between the skull and the dura mater (to clean the wound). The external wound should be covered with pieces of linen soaked in white of egg and lightly rung out over which a dressing of down should be placed and carefully bandaged, the dressings should be changed twice daily in winter and three times in the summer. 7 Theodoric Borgognoni of Cervia was considered a pioneer in the use of aseptic technique. Although his method is not the aseptic technique we utilize today, his ideas were still impressive given that his teachings were based upon the avoidance of "laudable pus." His technique directly contradicted the teaching of Galen, which was the standard of care at the time, and revitalized Hippocrates' views on the evils of pus. Borgognoni described the ideal conditions for wound healing, including control of bleeding, removal of contaminated or necrotic material, avoidance of dead space, and careful application of a wound dressing bathed in wine. 12 Of a similar school of thought was Leonard of Bertapalia, who argued that one should avoid materials that might cause pus, avoid compressive dressings, and remove bone and debris that pierced the brain. 12 Although the danger of purulent wounds is now widely known, Hippocrates, Beorgognoni, and Leonard of Bertapalia were denounced by their colleagues, given that their views contradicted Galen's doctrine of suppuration. 26 At the end of the Middle Ages, Guy de Chauliac added to the contributions of his predecessors. In his writings on head injury, he recommended that the head be shaved prior to surgery to prevent hair from interfering with wound healing and suggested that wine be placed into depressed skull fractures to assist in healing. He categorized head wounds into 7 types, including hollowed wounds, contused wounds, and ulcerated wounds, and made recommendations on intervention and wound management based on wound classification. 9, 12 Though his positive contributions to prevention of neurosurgical infection were substantial, de Chauliac unfortunately followed the teachings of Galen and supported the idea that suppuration was essential to wound healing. 27 
The 16th to 18th Century
One of the most influential scholars during the 16th century was Ambroise Paré, considered by many to be the father of modern surgery. Paré emphasized that all foreign bodies be removed from a wound and advocated against a practice that was quite common at the time: pouring boiling oil into wounds. He instead made dressings of egg yolk, rose oil, and turpentine, which greatly reduced SSI. 12 Less than 200 years after Paré, Sauveur François Morand, a French surgeon, described one of the earliest operations for treatment of a cerebral abscess. He noted that he explored the abscess with his finger, removing as much of the purulent content as possible, and instilled balsam and turpentine into the cavity prior to dressing it. He also described placing a silver tube for drainage, which he then slowly removed as the wound healed. Impressively, Morand recognized 1) silver's effectiveness in wound healing before the knowledge of its antimicrobial properties, and 2) the importance of allowing the continued drainage of an intracerebral cavity. 12 Despite the fact that a select few scholars appreciated the importance of wound management and infection prevention before the 19th century, it is worth noting that the majority of healthcare providers did not pay attention to cleanliness during this period. As described in a lecture by Thomas Vicary, In some cases, the more filthy the surroundings-eg the surgeon's coat-the better pleased the surgeon appeared to be! Further, a post-mortem examination was not seldom attended, and perhaps fingered immediately before the performance of an operation; and as the surgeon would naturally attend an autopsy on the surgical case it would not be unlikely that the cause of death would be erysipelas or some other form of sepsis.
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The 19th to 20th Century
Similar to those who came before them, early 19th century physicians who recommended the prevention of suppuration were looked down on by the greater medical community. Most notable among the 19th century opposition to suppuration were Oliver Wendell Holmes and Ignaz Philipp Semmelweis. Both Holmes and Semmelweis recognized the importance of handwashing; Holmes recommended physicians wash their hands with a calcium chloride solution after autopsy, while Semmelweis encouraged the practice of handwashing with chloride lime solution. 26 SSI remained a major cause of death throughout the 19th century, with nearly 80% of operations plagued by "hospital gangrene." 26 Stephen Smith, a surgeon at Bellevue Hospital between 1850 and 1880, described the unsanitary conditions of the time. In regards to infection control, he reported that 1) neurosurgical patients often had their hair shaved, but the skin of the scalp was seldom cleaned; 2) surgeons came straight from the autopsy suite to the operating room without cleaning their hands; and 3) for educational purposes, bare-handed bystanders in the operating room were encouraged to "take a feel" within the wound of both intracranial injuries and spinal injuries. 25, 28 During this period, the same sponge was used to clean the wounds of multiple patients, and bandages were often reused without washing. Additionally, operating theaters were adorned with tables that were rarely cleaned, with sawdust on the floor to absorb spilled body fluids. a few of his advances include the use of an "antiseptic gauze" with oakum and carbolic acid, the latter of which had been used to purify sewage in a nearby town, and the assertion that dressings should be changed prior to becoming soaked. 27 Joseph Lister's introduction of antisepsis to the operating room was a major turning point in infection prevention, and, finally, the medical community was willing to listen. Following his publication came the introduction of heat sterilization by Ernst von Bergmann, the creation of sterile gowns and caps by Gustav Neuber of Kiel, the invention of the surgical mask by Mikulicz, and popularization of rubber gloves by William Stewart Halsted after he commissioned Goodyear to develop them for his nurses. 26 William Keen, a pioneer in American neurosurgery, strongly advocated for the use of listerian antiseptic techniques. Keen's surgical setup as described by James Stone was as follows:
All carpets and unnecessary furniture were removed from the patient's room. The walls and ceiling were carefully cleaned the day before operation, and the woodwork, floors, and remaining furniture were scrubbed with carbolic solution. This solution was also sprayed in the room on the morning preceding but not during the operation. On the day before the operation, the patient's head was shaved, scrubbed with soap and water, and ether, and covered with wet corrosive sublimate dressing until operation, then ether and mercuric chloride washing were repeated. The surgical instruments were boiled in water for 2 hours and new deep-sea sponges (elephant ears) were treated with carbolic and sublimate solutions before usage. The surgeon's hands were cleaned and disinfected by soap and water, alcohol, and sublimate solution. 26, 30 Wound care also advanced during the 19th century. In a lecture given in 1895, the surgeon Emory Lanphear described the need to protect the brain from becoming infected by the presence of foreign bodies, and remarked that antiseptic precautions with packing must be taken, with all packing removed at a maximum of 48 hours after insertion. 17 Fewer than 100 years after Lister's groundbreaking publication, the field of infection prevention was again propelled forward markedly in 1929, with the release of Alexander Fleming's accidental discovery of penicillin. 12 By the 1940s, physicians began to report the use of prophylactic intravenous penicillin intraoperatively, and by the 1960s, it was being administered intrathecally prophylactically. 12, 14, 27 The 21st Century
Based on the advances of the 18th and 19th centuries, the World Health Organization currently recommends a number of steps be taken to avoid SSI after brain surgery, including patient preparation prior to surgery, handwashing, and surgical site preparation. 3 Many hospitals have implemented bundles to reduce SSI, which include measures such as preoperative chlorhexidine gluconate (CHG) shampoo, preoperative CHG-alcohol skin prep, perioperative antibiotics, postoperative incision care orders, and a glycemic control protocol. 22 Despite this, SSI is still a prevalent issue worldwide, although it is the most preventable healthcare-associated infection. 3, 8, 23 Reported rates of SSI vary greatly, but the literature shows the rates of neurosurgical SSI in the average practice generally range between 1% and 9%. 1, 21 There is an ongoing quest to identify the optimal means to prevent SSI after brain surgery; multiple studies have addressed infection prevention in patients with intracranial drains or monitors, but practice still varies. 3, 18, 19 A few aspects of SSI prevention that practitioners continue to investigate and debate include 1) the need for prolonged prophylactic antibiotics in patients with external ventricular drains (EVDs), intracranial monitors, and subdural/subgaleal drains; 18, 29, 31, 35 2) the best EVD catheter; 6,13,15,33-35 and 3) the optimal frequency of CSF sampling from EVDs. 5, 32, 33 Although some authors advocate for the use of prophylactic systemic antibiotics after placement of intracranial drains and devices, others argue this practice does not affect the rate of SSI and is harmful because it increases the risk of growth of resistant gramnegative pathogens and the development of Clostridium difficile. 10, 11, 16, 19, 20, 22, 25 Regarding EVD catheter selection, a survey of members of the Neurocritical Care Society found that many institutions use conventional catheters despite the fact that evidence suggests antibiotic-impregnated EVDs and silver-impregnated EVDs do a better job of preventing SSI. 13, 15, 19, 22, 31, 35 Lastly, the optimal frequency of CSF sampling to assess for SSI is debated; while some practitioners only sample CSF on an as-needed basis based on the principle that frequent sampling can increase the risk of SSI, others perform routine sampling in an effort to diagnose and subsequently treat SSI quickly. 19, 22, 32 
Conclusions
Since the earliest neurosurgical procedures in the prehistoric period, practitioners have attempted to avoid SSI. In some cases, theories about infection prevention were controversial, or incorrect, but there has been tremendous progress in avoiding postoperative infections after brain surgery. Nonetheless, we still do not have all the answers, and patients continue to develop SSIs after brain surgery leading to morbidity and mortality. We must remain diligent and continue to analyze data on infection prevention techniques to ensure that we do not repeat history and embrace any strategies such as suppuration that induce harm, rather than benefit. Additionally, we must ensure that we 1) protocolize infection prevention practices, 2) enforce compliance with both general medical and institutionspecific guidelines, 3) perform surveillance for infections, and 4) educate practitioners about infection prevention strategies as we strive to eradicate SSI after brain surgery.
